The Samarai µUAV is a biologically-inspired monocopter, similar in its flight characteristics to the maple seed. It is essentially a single, asymmetric helicopter blade, powered by a tip propeller. High-fidelity simulation of such a vehicle is challenging, but of great importance to efficient design. A multi-scale simulation methodology is presented, utilizing Computational Fluid Dynamics (CFD)-based predictions of the aerodynamic behavior, coupled to the more CPU-efficient blade element and free-wake vortex ring models. The resulting simulation is suitable for engineering analysis and design of monocopters, but nevertheless captures the relevant physical phenomena at low Reynolds number flight regime.
I. Introduction
Monocopters 1-3 such as the Lockheed Martin Samarai µUAV 8 are efficient, yet mechanically very simple UAVs, typically less than 20 cm in wingspan. They generally have very few moving parts (a single flap, or full-wing flap, as well as a motor), making them simple to manufacture and robust to operate. The asymmetric rotor blade permits optimal mass distribution to maximize lift, by placing as much of the wing as possible away from the center of rotation. The result is a hover-capable vehicle with good flight endurance, suitable for use in the Intelligence, Surveillance and Reconnaissance (ISR) or related roles. A schematic of the generic monocopter is shown in Fig. 1 . The vehicle is comprised of a single wing, the avionics and battery disc, and a tip propeller. Simulation of monocopter UAV poses a significant challenge. The vehicle flies in a low Reynolds number (low-Re) regime 4 (typically about 30,000-50,000), which complicates the use of analytic lift models based on thin-airfoil theory. Furthermore, due to the rotational nature of monocopter flight, the entire vehicle is constantly passing through its own vortex wake. The combination of strong viscous effects (due to the low-Re regime) and three-dimensional unsteady wake effects suggests that a full Navier-Stokes Computational Fluid Dynamics (NS-CFD) solution is required to model the aerodynamics. On the other hand, flight simulation with an NS-CFD solution at every time step is prohibitively expensive for an engineering tool. In this paper, a multi-scale solution is presented, suitable for flight in both the near-hover and the translational flight regime. The multi-scale approach combines Blade-Element Theory 6 (BE), the Free-Wake VortexRing method 5 (FWVR), and Navier-Stokes CFD 7 (NSCFD), in order of increasing accuracy and CPU time requirement. For full flight simulation, only the BE and FWVR are computed; NSCFD results are precomputed and used to calibrate the lower fidelity methods.
II. Simulation of Monocopter Aerodynamics

II.A. Navier-Stokes CFD
Since the Samarai is a rapidly rotating vehicle, the aerodynamics are most easily simulated in a rotating reference frame. This is the wind-frame of the vehicle, characterized by the angles γ and δ, the coning and feather angles. The coning and feather angles are the polar angles of the angular velocity vector in the vehicle body frame (as illustrated in Fig. 2 ). The CFD problem is solved in a cylindrical domain, with the axis of the cylinder aligned with the rotation vector of the vehicle. In the simulation domain, the vehicle CAD model is rotated to align the rotation vector with the z-axis of the inertial space, as shown in Fig. 3 . The z-dimension of the cylinder is chosen sufficiently large to eliminate any effect of the ends on the simulation results. Similarly, the radius of the cylinder is chosen by trial and error to be sufficiently large so as to not influence the simulation results (a cylinder radius equal to 5× wingspan was found to be sufficient)
In order to perform NS-CFD simulation in the rotating frame, the momentum transport equation of the Navier-Stokes system must be modified.
11 The time derivative operator in the rotating frame induces a Coriolis and centrifugal term, as shown in Eq (1):
In Eq. (1), Ω represents the angular velocity vector. For the special case in which Ω vanishes, Eq. (1) reverts to the standard Navier-Stokes equation. Additional terms due to the rotating reference frame are enclosed in square brackets. In addition to the quasi-static Coriolis and centrifugal terms, the ratedependent transverse term is also included (proportional to the temporal derivative of the angular velocity), permitting unsteady simulation. Eq. (1) is implemented in a custom solver for OpenFOAM, 10 and unsteady incompressible simulation is performed using the PISO pressure correction algorithm. The results of the CFD simulations are illustrated on a simplified monocopter geometry (wing only) in Fig. 4 . The streamlines of the relative velocity are shown, colored by pressure. As can be seen for the case of the small AOA (top figure) , the flow remains attached, and significant lift is developed, as evidenced by the high-pressure region below the wing. Increasing the AOA beyond 30
• , however, leads to flow separation over a large portion of the wing, as shown in the Fig. 4 (bottom) . A more detailed look at flow separation at high AOA is provided in Fig. 5 . It can be seen that the degree of separation is a function of the spanwise position. For small distances from the center of rotation, the flow can be seen to be largely attached, even at the high RPM and AOA. The spanwise variation in separation is a property of rotorwing aircraft, and this is simply due to the fact that the linear velocity near the center of rotation is low. Further along the spanwise direction, a very strong laminar separation bubble occurs, due to the increased linear velocity. As can be seen by the pressure contours, no lift will be generated in this region. Finally, the most outboard station on the wing shows a separation bubble, but it is somewhat weaker than at the center-wing station. This is due to the reduced effective AOA near the wing edge, caused by the tip-vortex induced downwash. Thus, the degree of flow separation varies strongly with the spanwise position on the wing, and does not occur everywhere simultaneously. It should therefore be expected that the changes in aerodynamic forces and moments due to flow separation will be gradual functions of the flight conditions. This is in contrast to the sudden changes in lift and drag coefficients of a non-rotation wing near stall, where almost the entire wing experiences flow separation simultaneously. • to cause partial separation.
shows the resultant lift in the monocopter as a function of the rotational velocity (in RPM). Thin airfoil theory would suggest a quadratic dependence of the lift on RPM (since the linear velocity at any point on the monocopter wing will be proportional to the RPM value). It can be seen in Fig. 6 that this is indeed the case in the range of 200-1000 RPM (evaluated with a small AOA). At significantly higher RPM values, it can be seen that lift is gradually reduced. This is a result of the gradual onset of flow separation, encompassing steadily increasing portions of the wing as the RPM value is increased. At low RPM values the obtained lift follows a nearly linear dependence on RPM, resulting in much higher lift (and drag) than would be predicted by thin airfoil theory. This deviation from thin airfoil theory is to be expected for the viscosity-dominated low-Re flows, and has in fact been observed in the context of monocopters. The typical flight regime for the LM Samarai, however, falls into the 300-700 RPM range, comfortably within the thin-airfoil regime. The overall behavior of the resultant aerodynamic forces and moments is illustrated in Fig. 7 . The RPM is kept fixed at 600, while the feather angle is varied. For the particular monocopter simulated, a feather angle of zero means that the wing root is level, while the avionics disc is tilted at 30
• (the angle between the wing root and the disc is a design parameter). Unsurprisingly, lift (F z ) increases with increasing feather angle, due to the increasing effective AOA. The observed non-linearity in the lift is largely due to the increasing angle between the resultant aerodynamic forces and the z-direction of the wind frame, with lift defined as the z-projection of the total aerodynamic force. The behavior of the sideforces (F x in particular) is more interesting. It can be seen in Fig. 7 that the sign of the sideforces changes at a feather angle of about −25
• . For small values of the feather angle, the sideforces are dominated by drag from the avionics disc, which is inclined at a large angle in that regime. At larger feather angles, however, the avionics disc is essentially flat, while the wing is rotating with a large AOA. The drag from the wing dominates the sideforce in this regime, and its direction is opposite to that of the disc drag. As a consequence of the asymmetry of the aircraft, monocopters experience finite sideforces in the near-hover configuration, ultimately resulting in hover actually being a tigh-radius orbit (discussed further in the next section). The behavior of the aerodynamic moments is naturally related to the aerodynamic forces, shown in Fig  7. The moments are computed around the CM of the vehicle, making them suitable for direct use in flight simulation. As the feather angle is increased, the x-component of the moment increases steadily, tending to increase the coning angle of the vehicle. This has to be balanced by gyroscopic moments, as discussed in the next section. The z-component of the moment is directly related to the power required to maintain the desired RPM.
II.B. Multi-Scale Simulation of Aerodynamics
While the NSCFD approach can be used to obtain high-fidelity results, it is computationally too burdensome for the simulation of full flight dynamics. Instead, the multi-scale approach for aerodynamics presented in this section is used. The basic approach is that of Blade-Element theory;
6 lifting planforms of the vehicle are sectioned into parallel elements, and the aerodynamic properties of each element are determined using 2-D NSCFD. The overall forces and moments of each planform are then determined by summing the contributions of each element. Although simple, this method is well-suited for capturing 2-D low-Re effects on each airfoil, since they are ultimately simply calibrated to NSCFD results. The key disadvantage of this approach is that it does not fully capture 3-D aerodynamics. Specifically, the formation of tip vortices and the consequent downwash and spanwise airflow are neglected. In order to correct this, the BE approach is coupled with the Free-Wake Vortex Ring 5 method. The latter is well suited for capturing 3-D effects (as well as timedependent effects), but assumes viscous-free airflow -certainly not appropriate for low-Re flight. Thus, it is used only to predict 3-D downwash velocity, which is then coupled into the BE calculation. The combination is then capable of simulating low-Re effects on each airfoil, and uses a good approximation to the local airflow velocity (including 3-D downwash) while calculating the aerodynamic effect of each airfoil. The overall approach is schematically illustrated in Fig. 8 .
A further limitation is the computational effort associated with the motion of the trailed and shed vortex wake. Simulating many turns of the wake is not compatible with the goal of efficient simulation, as the CPU effort required scales with the square of the number of turns (this can be mitigated partially by decoupling the near-and far-field effects, 6 but remains significant nonetheless). Fortunately, simulating the complete wake is not necessary for accurately capturing the downwash; one or two turns of the wake is sufficient. Two turns of the wake and its effect on the downwash are illustrated in Fig. 9 .
III. Flight Dynamics
The flight dynamics of a monocopter are governed by the 6-DOF rigid body equations of motion:
The angular momentum and momentum rate of the propeller are included. The rigid body equations of motion are sufficient to describe monocopters whose control surfaces involve small mass distribution changes, such as a trailing-edge flap. For monocopters with full wing motion (typically used in helicopters), the rigid body assumption is questionable, and a better approach is to extend the rigid body dynamics by including morphing forces 9 and moments. The full equation set the reads:
where the morphing forces are given by: and the morphing moments are:
In the equations of motion, it is implied that the aerodynamic forces and moments have been computed for all flight conditions. In the most general case, this requires the aerodynamic results to be parameterized by six parameters:the rotational rate, coning and feather angles, translational velocity magnitude, AOA and sideslip angle (other parameterizations are possible as well, but no fewer than six parameters are required). Computing the aerodynamic forces and moments for a sufficient number of flight state cases using NS-CFD is therefore very computationally expensive. A full combinatorial sample with five levels in each variable would require more than 15k CFD simulations -completely impractical. Instead, the approach outlined in Fig. 8 is used. Navier-Stokes CFD is used only to generate the 2-D lift, drag and moment as functions of the AOA. The local AOA itself is computed from all contributions to velocity, as indicated in Eqn. 14:
where f i is the forward direction vector of the i-th blade element, V cm is the velocity of the center of mass, Ω is the angular velocity, r i is the position vector of the quarter-chord location of the i-th blade element, and V wake (r i ) is the velocity induced by the wake at the position of the i-th element.
III.A. Analysis of Hover
The hover condition trim point is solved for by setting all time derivatives in the equations of motion to zero. The balance of aerodynamic and gyroscopic moments is illustrated in Fig. 10 . The moments are plotted vs. the feather angle (left figure) and coning angle (right figure). The solid lines represent the aerodynamic moments, while the dashed lines are the negative of the gyroscopic moments. The point of intersection of the solid and dashed lines for the x-, y-, and z-components represents the equilibrium point for hover. The propeller moment is included in the gyroscopic moment. As can be seen from the figure, the y-component of the aerodynamic moment is fairly weak, and the equilibrium feather angle is largely set by the properties of the y component of the gyroscopic moment (removing the aerodynamic y-moment entirely would result in a feather angle of ≈ −4
• , as opposed to the actual −6
• with the aerodynamic moment included). The expression for the y-component of the gyroscopic moment and the approximate feather angle is obtained as:
In equation 15, the angle δ is assumed small (as is typically the case). If the aerodynamic moment is also much weaker than the gyroscopic (for the y component) as is shown in Fig. 10 , the feather angle can be approximated as:
Thus, a rough approximation of the hover feather angle can be obtained purely on the basis of the components of the inertia tensor. The key assumptions in the derivation were that the feather angle is small, and that the aerodynamic moments are much weaker than gyroscopic moments. The latter seems to be true for monocopters considered. Also of note is the fact that the feather angle is directly proportional to the I xz component of the inertia tensor. The sensitivity highlights the importance of the detailed knowledge of the inertia tensor for any predictive design.
III.B. Translational Flight
III.B.1. Free Flight
Translational flight of the Samarai is quite complex, having characteristics of both fixed-and rotary-wing aircraft. The simplest possible case of translational flight occurs when a hovering Samarai is perturbed. This could, for example, be caused by a sudden wind gust -typically a problem for µU AV s, due to their small mass. For this example, the vehicle is tilted in the Y direction by 10 • , and allowed to execute free flight. No controls are applied, and propeller thrust remains constant. The trajectory is shown in Fig. 11 . The trajectory starts at the coordinates (x, y, z) = (0, 0, 1), on the left side of figure 11. At time T = 0 The vehicle is tilted by 10
• in the Y direction. The tilt of the vehicle induces thrust in the Y direction, causing translational motion. At the same time, the lift of the vehicle is insufficient to balance the weight at this tilt, and the vehicle begins to fall. The motion is not rectilinear -instead, the vehicle is gradually turning to the left (relative to instantaneous velocity). This is caused by the counter-clockwise rotational motion, which leads to a lift imbalance. When the wing is on the right side of the trajectory, forward velocity of the vehicle adds to the rotational tip velocity, resulting in increased lift. Conversely, while the wing is on the left side of the trajectory, lift is reduced due to the partial cancellation of the translational and rotational tip velocities. Thus, the natural translational motion of the vehicle is to "turn left." The evolution of the state during the free flight is shown in Fig. 12 . As can be seen from the time evolution of the angular velocity in the body reference frame (p, q, r) and the intertial reference frame (Ω x , Ω y , Ω z ), the angular velocity is largely constant w.r.t. to the vehicle (i.e. constant in the body frame), but asymptotically transitions from the original tilted state to a hover. The rate at which it does so is determined by the gyroscopic moments of the naturally stable vehicle. As the vehicle returns to the upright attitude, the translational velocity gradually tends to zero (inertial-frame velocity in Fig. 12) . Likewise, altitude stabilizes as well, once the aerodynamic thrust generated by the Samarai is properly aligned in the Z direction.
III.B.2. Translational Flight with Cyclic Control
The key method of inducing forward flight with the Samarai is the "virtual swashplate" 8 approach. This is accomplished by varying the flap deflection in phase with the rotation of the vehicle. By increasing the flap deflection during only a portion of the rotational cycle, the vehicle tends to tilt in the opposite direction due to the induced aerodynamic moments. If the phase during which flap is applied is controlled, we can expect the vehicle to fly in an approximately straight line. In this section, a simple controlled flight is simulated. Flap deflection is applied during the portion of the phase for which ψ [0, 90
• ]. This means that the flap will be deflected while the wing is sweeping through the angle range [−90
• , 0]. Consequently, we expect the induced tilt and translation in the (−1, 1, 0) direction. No feedback control of the actual translation is used; this is open-loop flight, except for timing of the flap based on rotational phase. The resulting trajectory is shown in Fig. 13 .
As can be seen from Figs. 13 and 14, the simple cyclic control is at least qualitatively successful in achieving rectilinear translational flight. The control is engaged at t = 1s. Once the initial transient following the activation of cyclic control is over (at t = 5 s), the motion is in fact very nearly straight, with a slight tendency to "turn left" still evident. The tilt and velocity of the vehicle increase during the early part of the controlled trajectory, then stabilize. Finally, control is disengaged at t = 10s, and the vehicle returns to free flight. Attitude is gradually restored to the hover-like upright position, forward velocity is correspondingly lost, and the vehicle comes to rest at hover. Note that the left turn is quite pronounced, since it takes place during a time of relatively high forward velocity. Forward motion necessarily requires a tilt of the vehicle "disc", which in turn implies a reduction in lift. In order to prevent a loss of altitude, collective control is applied as well. This means that constant flap deflection is added to the time-depenendet deflection of the cyclic, as illustrated in Fig. 15 . Note that this is not the full controller for the Virtual Swashplate, 8 merely a simple controller to test the properties of the simulation and the dynamics of the vehicle. 
IV. Summary and Conclusions
A new simulation methodology for monocopters has been presented. The methodology is shown to be suitable for full vehicle flight simulation, yet relies on detailed CFD-based predictions of aerodynamic properties. The predicted hover properties closely match measured results, in spite of the great deal of sensitivity to the details of the mass distribution. The simulated flight characteristics of the vehicle indicate that it is quite stable, with only small changes in the angular velocity in the body frame. Wind gust perturbations and flap controls tend to induce only attitude changes of the vehicle. Finally, it should be noted that the simulation methodology described is actually applicable to a much wider range of vehicles, including other rotorcraft and fixed-wing aircraft.
